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The generation and manipulation of ultracold atomic ensembles in the quantum regime require the application of dy-
namically controllable microwave fields with ultra-low noise performance. Here, we present a low-phase-noise mi-
crowave source with two independently controllable output paths. Both paths generate frequencies in the range of
6.835GHz ± 25MHz for hyperfine transitions in 87Rb. The presented microwave source combines two commercially
available frequency synthesizers: an ultra-low-noise oscillator at 7 GHz and a direct digital synthesizer for radiofre-
quencies. We demonstrate a low integrated phase noise of 580µrad in the range of 10Hz to 100kHz and fast updates
of frequency, amplitude and phase in sub-µs time scales. The highly dynamic control enables the generation of shaped
pulse forms and the deployment of composite pulses to suppress the influence of various noise sources.
I. INTRODUCTION
Atom interferometers belong to today’s most precise sen-
sors with broad applications for navigation, geodesy, time
keeping as well as fundamental research. An atom interfer-
ometric measurement relies on the determination of the phase
between two atomic states. In many cases, these atomic states
are hyperfine levels in alkali atoms. For magnetic field sens-
ing or frequency measurements, the hyperfine transitions can
be directly driven with microwave radiation. For inertial sen-
sors, such as gravimeters, accelerometers or gyroscopes, the
hyperfine transitions can be driven by a two-photon optical
transition with a microwave frequency detuning. In analogy to
optical interferometers, microwave pulses driving these tran-
sitions act as beam splitters or mirrors between the atomic
states. Phase noise of the microwave is directly converted
into fluctuations of the measured interferometer phase. The
rapidly increasing sensitivity in the field of atom interferom-
etry poses increasing demands on the noise characteristics of
the employed microwave sources. This is specifically the case
for interferometric experiments with squeezed atomic sam-
ples1, which are not restricted by the Standard Quantum Limit
and are thus even more sensitive to the microwave’s phase and
intensity noise.
In our experiments, we create entangled many-particle
states in Bose-Einstein condensates by spin-changing colli-
sions2–5. The microwave source serves four purposes: The
initial preparation of all atoms in a specific hyperfine/Zeeman
level, the dressing of Zeeman levels to activate spin-changing
collisions, the manipulation of the states in an interferometric
protocol, and the final rotation of the state for detection and
state analysis. These tasks pose the following requirements
on the design of the microwave source. For the preparation
of the atoms, a sequence of microwave pulses with variable
frequencies is desired. The high-fidelity manipulation of the
atomic states demands a microwave with small phase fluc-
tuations, as the phase serves as the reference for all atomic
measurements6. To suppress the influence of decoherence,
the manipulation should consist of short pulses that are exe-
cuted closely after each other. Moreover, short pulses bear the
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advantage of a low sensitivity to small microwave detunings
due to an increasingly broad peak in Fourier space. This is,
however, not sufficient for an advantageous spectral distribu-
tion. Short pulses can lead to many side peaks in the Fourier
spectrum if they are simple box pulses. This may lead to an
unwanted population of neighboring levels. The entire width
of the spectrum can be drastically reduced by applying tai-
lored pulse shapes instead of rectangular pulses. Pulse shap-
ing requires a microwave amplitude modulation on short time
scales and the short pulse durations can only be realized by a
source with sufficient microwave power. Furthermore, some
interferometry and state tomography schemes are based on a
fast and reproducible adjustment of the microwave’s phase.
The combined modulation of frequency, phase and intensity
enables the application of composite pulses7, which can be
designed to suppress the sensitivity to various technical noise
sources. Finally, we wish to apply an independent, steady mi-
crowave dressing field during the experimental sequence to
achieve precise control of individual energy levels. In sum-
mary, our experiments require a microwave source with am-
plitude, frequency and phase modulation in the microsecond
range, low phase fluctuations and an independent microwave
dressing field.
There exist commercial frequency generators in the mi-
crowave regime that allow for a dynamical adjustment of fre-
quency and amplitude. However, these systems typically lack
an independent adjustment of the phase or suffer from slow
update speeds in the millisecond range. There are important
scientific developments towards microwave sources with min-
imal phase fluctuations, which serve as local oscillators for
microwave clocks8–12. However, for these applications, a fast
dynamical adjustment is not intended. For our experiments,
we require a stable source that acts as phase reference dur-
ing the squeezing and interferometry protocols. The shortest
manipulation pulses are on the order of 10µs, and the full in-
terferometric sequences will be within 100ms. We thus aim at
a maximal phase stability in the 10Hz to 100kHz bandwidth.
Publications reporting on low-phase-noise microwave
sources that are designed for a fast dynamical adjustment of
frequency, phase and amplitude are rare. Chen et al. 13 present
a microwave source for spin-squeezing experiments in 87Rb
based on a self-built nonlinear transmission line that is phase-
locked to a 10MHz atomic clock. Controllability of param-
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FIG. 1. Schematic of the microwave source. The DDS generates two independently controllable radiofrequency signals. Each of these
signals is mixed with a 7GHz frequency coming from an ultra-low-phase-noise oscillator with an isolator protecting the oscillator from back
reflections. The local oscillator’s 100MHz output acts as a reference for the DDS, thereby ensuring a steady phase relation between the
oscillator and the DDS. In this way, two controllable microwave frequency paths are established. The pulse path consists of a pre-amplifier
and a narrow bandpass filter to generate the optimal input for the high power amplifier. Moreover, isolators prevent back reflections from a
switch and the antenna. A fraction of the amplified signal, branched off with a directional coupler, enables monitoring the microwave power.
In the dressing path, the same basic schematic is used, except for a different power amplifier and the implementation of a power stabilization.
The numbers and colors correspond to the measured phase noise in Fig. 3.
eters in the range of 24µs to 32µs is achieved by a single-
sideband modulator and a direct digital synthesizer (DDS).
The obtained integrated phase noise amounts to 3mrad in the
10Hz to 100kHz bandwidth. Recently, Morgenstern et al. 14
demonstrated a microwave source at 1.8GHz, controlled by a
field programmable gate array (FPGA), to realize a microwave
dressing in Na Bose-Einstein condensates. The source fea-
tures parameter changes within 4µs. The phase stability is not
specified, as it is not critical for their application.
Here, we present a microwave source with low integrated
phase noise of 580µrad in the 10Hz to 100kHz bandwidth.
The microwave frequency is derived from a commercial
7GHz source and a DDS AD9910 which controls frequency,
amplitude and phase with high accuracy. The DDS is part
of a commercial FPGA-based control system called ARTIQ,
which enables parameter updates within 700ns. The setup
does not comprise self-built components and fits into a 19 inch
rack. The source consists of two channels with two indepen-
dent DDS to generate microwave pulses with simultaneous
microwave dressing or to drive two-photon transitions. The
described microwave source thus offers the ability to control
atomic spins with highest fidelity on short time scales, and the
simultaneous application of a dressing field.
The article is organized as follows. Section II covers the
system design and the installed components. In Section III, we
characterize the system regarding phase noise and dynamic
features. Finally, we summarize our findings and outline the
future application of the system in our spin-squeezing experi-
ments.
II. SYSTEM DESIGN
Figure 1 shows the final design of our microwave source.
The basic idea is to combine the low phase noise of a mul-
tiplied crystal oscillator with the dynamic properties of an
FPGA-controlled DDS.
An ultra-low-phase-noise oscillator Wenzel MXO-PLD is
used as local oscillator. It provides a stable microwave fre-
quency at fLO = 7GHz through integrated multiplication of a
fundamental 100MHz oscillation, which is accessible through
an additional output. The oscillator also has the option of an
external reference, which is currently not used in our setup.
For the dynamic parameter change, we employ a Urukul
DDS as part of the FPGA-based control system ARTIQ15. It
features four independently controllable radiofrequency chan-
nels with an adjustable frequency of up to 500MHz. All chan-
nels share a common reference, given by an internal clock
which is again referenced to the 100MHz output of the oscil-
lator. For the microwave source, two of these outputs operate
the two individual microwave output stages. In addition to
frequency setting, the amplitude and also the phase offset for
absolute phase control can be defined (see Tab. I).
For our 87Rb atoms, we have to apply frequencies at fRb =
6.835GHz with a tuning range of ±5MHz to account for the
employed magnetic fields. In both output channels, this fre-
quency is reached by mixing a shared local oscillator (LO)
signal at 7GHz with an individual DDS frequency of fDDS =
165± 5MHz. The lower sideband after the mixing presents
3Parameter Bits Range Resolution
Frequency 32 0−500MHz 230mHz
Amplitude 14 0−100% 0.006%
Phase offset 16 0−2pi rad 96µrad
TABLE I. Specification of the adjustable DDS parameters. The sys-
tem clock frequency of the DDS is 1GHz, therefore the upper fre-
quency bound is 500MHz.
the desired resonant frequency at fRb = fLO− fDDS. The two
output stages for pulses and dressing field include final ampli-
fiers to obtain powers of 40W and 10W, respectively.
For the mixing process, a Marki Microwave SSB-0618 sin-
gle sideband mixer and a Mini Circuits ZMX-8GLH mixer are
used for the pulse path and the dressing path, respectively.
The single sideband mixer in the more critical channel is used
to lower the unwanted peaks at the local oscillator frequency
and the upper sideband at fLO + fDDS. A narrow Wainwright
WBCQV3 bandpass filter with a passband of 20 MHz and 50
dB attenuation for frequencies of ±250MHz from the center
frequency enables the reduction of the LO and the upper side-
band level in both channels.
Directly after mixing, the pulse and dressing paths mea-
sure −2dBm and −0.5dBm, respectively. Low-noise pre-
amplifiers Mini Circuits ZX60-83LN-S+ raise the signal to the
desired 0dBm input for the high-power amplifiers.
Because the internal power switch of the DDS channel
only offers a maximal attenuation of 31.5dB, the source
is equipped with additional power switches Mini Circuits
ZFSWA2-63DR+ with 25ns rise/fall time and an attenuation
of 40dB. The employed switches – designed for frequencies
up to 6GHz – are a cost-effective solution, coming with dis-
advantages of larger insertion loss and reflections. The inser-
tions loss is compensated by the pre-amplifiers. Isolators pre-
vent unwanted back reflections in general, and are installed in
front of the switches and the antenna, as well as behind the
local oscillator.
For the amplification of the pulse path, a water-cooled 40W
amplifier Microwave Amps AM43 is employed. The amplifier
in the dressing path is a Kuhne KU PA 640720-10 A with an
output power of 10W. The amplifier in the dressing path can
be power stabilized by branching off−20dB of the microwave
power after the amplifier with a directional coupler MCLI
C39-20. For the feedback loop, the actual power is measured
with a fast tunnel diode Herotek DT4080, and controlled by
a mixer Mini Circuits ZMX-8GLH. The pulse path contains a
-30 dB dual directional coupler RF-Lambda RFDDC2G8G30
for monitoring the output power and the power that is reflected
from the antenna. A sample-and-hold long-term stabilization
of the pulse power could be a further improvement of this sys-
tem. For addressing the atoms, the microwave frequency is
coupled to free space by an impedance-matched, open-ended
waveguide. In the following section, the performance of the
described microwave source is evaluated.
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FIG. 2. Spectrum of the microwave source for the dressing path
(blue) and the pulse path (orange). The power, given in dB with re-
spect to the carrier power, is plotted against the microwave frequency.
Main difference of the two paths is the indicated suppression of the
LO frequency and the upper sideband, with the pulse path showing
more suppression. In the inset, a cutout of the relevant frequency
range is presented.
III. CHARACTERIZATION
A. Spectral properties
First of all, we examine the spectrum of the microwave
source to quantify the suppression of disturbing frequencies,
that could drive unwanted transitions, resulting in decreased
efficiency of the state preparation. Figure 2 shows the spec-
trum of our microwave source for both the dressing path and
the pulse path with a chosen output frequency of 6.835GHz.
The spectrum was recorded with a Rohde & Schwarz FSWP
phase noise and spectrum analyzer.
The unwanted frequency contributions close to the main
peak are caused by the DDS, while the two peaks at 7GHz
and 7.165GHz are residuals of the local oscillator frequency
and the upper sideband of the mixing process. Both of these
peaks are suppressed by the narrow bandpass filter: For the
pulse path, the local oscillator and the upper sideband peak
are suppressed by 67 and 87dB, respectively. For the dress-
ing path, the suppression is 62dB for both due to the different
choice for the frequency mixer.
Because of the bandpass filters, the peak power slightly
varies with the frequency of the microwave source by
about ±0.2dB in the relevant frequency range of 6.835GHz
±5MHz and ±1dB for 6.835GHz ±25MHz. The small ef-
fect in the relevant range can be calibrated and the power can
be adjusted by the ARTIQ software.
Furthermore, we evaluate the phase noise L ( foff) =
1
2 Sφ ( foff), where Sφ ( foff) is the one-sided spectral density of
phase fluctuations and foff is the offset frequency from the
carrier16. A low phase noise is desired for a high-fidelity state
preparation and manipulation (see Section I). Figure 3 shows
the phase noise contributions for the microwave source, mea-
sured for an output frequency of 6.835GHz with the Rohde &
Schwarz FSWP. The colors of the lines correspond to different
measurement points in the system, as visualized in Fig. 1.
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FIG. 3. Phase noise L ( foff) at different points of the microwave
source plotted against the offset frequency from the carrier. The
color of the lines and the numbers correspond to the colored dots
and numbers in Fig. 1. Because the phase noise of the dressing path
and the pulse path is very similar, only the dressing path’s phase
noise is plotted (4, red). It should be mentioned that the phase noise
was measured without the intensity stabilization. The output paths’
phase noise is dominated by the 7GHz local oscillator (2, green) for
low offset frequencies and by the DDS (3, blue) for higher offset fre-
quencies. The phase noise of the local oscillator’s 100MHz is drawn
as a solid orange line (1) and the dashed orange line (dashed circle
around 1) represents a theoretical multiplication x70 of the 100MHz
phase noise (36.9 dB). The grey area represents the sensitivity limit
of our measurements.
The phase noise of the two microwave output signals is very
similar, although they follow different amplification paths.
The overall phase noise is limited by the local oscillator for
low offset frequencies below 70Hz and by the DDS for offset
frequencies above. The values of the phase noise for the two
output paths are between −120dBc/Hz and −130dBc/Hz in
the kHz regime with a minimum at −130dBc/Hz for a few
hundred kHz. For both paths, we obtain a favorably small
integrated phase noise of 580µrad in the important range of
10Hz to 100kHz (see Section I), which provides the central
figure of merit of the constructed microwave source.
It is also visible that the phase noise for the local oscillator’s
7GHz output is very close to the one predicted by up-scaling
the noise of the 100MHz output. Furthermore, with a refer-
ence connected to this oscillator, the long-term stability could
be improved and therefore the phase noise for small frequency
offsets could be decreased.
The amplitude (AM) noise of the presented microwave
source is also measured. For the bandwidth of 10mHz to
100kHz, it evaluates to an integrated AM noise of 0.008%.
It is thus a negligible noise contribution for our experiments.
B. Dynamic features
The dynamics of the microwave source is controlled by the
ARTIQ system which is connected to a computer via an optical
fiber and a LAN switch. The commands are implemented on
the computer in the Python programming language17 but com-
piled and executed on the FPGA hardware, thereby allowing
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FIG. 4. Different amplitude-shaped pulses using the DDS’s RAM
mode. The shapes were allocated to three different profiles and from
that the output was generated with 4ns temporal resolution (pulses 1,
2 and 4 with 1µs duration) and 8ns temporal resolution (third pulse
with 2µs duration). To better resolve the oscillations, a DDS fre-
quency of 50 MHz instead of 165 MHz was adjusted.
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FIG. 5. Time series of the DDS output signal (blue oscilla-
tions) and the microwave output power (orange line). The signal’s
power is measured with a fast power detector. The following se-
quence is shown: 1µs pulse with linear ramps and a frequency of
50MHz; pulse with same parameters again; changing the frequency
to 65MHz; same pulse form, but with adapted frequency; changing
the waveform/RAM profile; adapted pulse form with twice the length
of the previous pulse, but same frequency. The smaller amplitude of
the third and fourth pulse is due to the bandwidth of our oscilloscope.
for a timing resolution of 4ns.
The AD9910 DDS in the Urukul frequency synthesizer also
provides a 1024x32 bit random-access memory (RAM) to re-
trieve and output different waveforms that are designed by the
user. It is possible to program frequency, amplitude, phase or
polar (amplitude and phase) nonlinear ramps with a step width
of 4ns into one out of eight profiles. For our purposes, time-
dependent amplitude functions are used to reduce the effective
Fourier width (see Fig. 4) and the coupling to unwanted tran-
sitions. Moreover, for the dressing scenario, adiabatic power
ramps ensure that the system remains in the desired dressed
state.
The adjusted phase of the microwave signal is determinis-
tically referenced to the local oscillator phase. This allows
for composite pulse techniques, where one single pulse is re-
placed by a sequence of pulses with different phases, am-
plitudes and durations to reduce the impact of various noise
sources7,18. Besides the phase setting, it is necessary for this
technique to execute the pulses in quick succession to avoid
unwanted fluctuations during the dead times. Figure 5 shows
a sequence of pulses and the corresponding waiting times for
updates to happen. These update times should be as short as
possible. Repeating the same pulse twice requires no percep-
tible update time in between (pulses 1 and 2). When a param-
eter such as the frequency is changed, a 700ns update time
becomes necessary (pulses 2 and 3). Finally, 400ns are re-
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FIG. 6. Phase control of the microwave source. At the top, a
Blackman-shaped pulse is shown. The pulse was implemented in
such a way that the phase is changed in the middle of the pulse. A
detailed view is shown at the bottom. The blue dots correspond to
the measured data points, the blue lines are a guide to the eye. The
grey line indicates the extrapolation of the first half of the pulse, con-
firming the phase change of half a turn.
quired when two pulses of different shape but with same pa-
rameters follow each other (pulses 3 and 4). The dead time
can be avoided by programming the two desired pulses into a
single RAM profile, such that an update time is not required
anymore. Figure 6 shows an amplitude-shaped pulse where
the phase of the microwave is altered halfway using one com-
mon profile instead of two distinguished pulses. This example
demonstrates the highly dynamical phase control.
IV. CONCLUSION
In summary, we have presented a microwave source with
sub-µs update speed and adjustable phase. Composite pulses
and nonlinear ramps can be delivered while maintaining a
low integrated phase noise of 580µrad. The experimental
sequences are implemented on a computer with Python
and the ARTIQ software, allowing for a nanosecond timing
resolution. The microwave source is based on commercially
available components and adaptable to other atomic species
than 87Rb. The design with two independently controllable
paths opens up various possibilities such as the addressing of
two-photon processes and the Rabi coupling to a dressed state.
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